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NORTH AMERICAN FRESHWATER turtles of the genera Trachemys, Chrysemys, and Chelydra exhibit a remarkable ability to survive a prolonged lack of oxygen (anoxia). At high temperatures (20 -25°C), these turtles successfully recover after 24 h of anoxia, but they can survive weeks to months without oxygen at the low temperatures, at which these animals overwinter (3-5°C) (57, 71) . The exceptional anoxia tolerance is achieved through a profound reduction of whole animal metabolic rate, which slows metabolic fuel use and the rate of waste accumulation (21, 30) and the ability to use bone and shell as buffers to ameliorate the catastrophic acidosis that otherwise would accompany the sustained anaerobic metabolism (29, 53) .
The large reduction in metabolism is attended by a pronounced lowering of cardiovascular performance during anoxia, where heart rate (f H ) and systemic blood flow (Q sys ) are drastically reduced and where pulmonary blood flow (Q pul ) virtually ceases (16, 23, 25, (65) (66) (67) . While systemic blood pressure (P sys ) also decreases during anoxia, the reduction in Q sys is considerably larger, indicating a substantial (3-to 5-fold) increase in systemic peripheral resistance (R sys ). At high temperatures, the rise in R sys is largely due to increased ␣-adrenergic tone (54, 65) , but autonomic control is blunted at low temperature (24) and neither ␣-adrenergic tone (65) , adenosine (66) , or endothelin-1 (62) contribute to the rise in R sys . Thus, the basis of the augmented R sys during anoxia at low temperature remains unidentified.
The purpose of the present study was to examine the potential role of hydrogen sulfide (H 2 S) in mediating the increased R sys of anoxic turtles. H 2 S has recently emerged as a ubiquitous signaling "gasotransmitter," seemingly involved in a plethora of physiological functions, including blood pressure regulation, lowering metabolism and inducing a suspended animation-like state in small mammals that improves the capacity to survive stressful situations (3, 4, 68, 74) . The endogenous production of H 2 S is mediated by two cytosolic pyridoxyl-5=-phosphate-dependent enzymes, cystathionine ␤-synthetase (CBS) and cystathionine ␥-lyase (CSE), as well as the pyridoxal-5=-phosphate-independent enzyme 3-mercaptopyruvate sulfurtransferase (3MST) (59, 60, 68, 81) . Interestingly, the concentration of intracellular, biologically active H 2 S ([H 2 S] i ) is thought to be inversely related to O 2 availability due to the O 2 -dependent regulation of H 2 S metabolism, where [H 2 S] i represents a balance between constitutive production from cysteine metabolism in the cytosol and oxidation by mitochondria (45, 48) . Consequently, H 2 S has been hypothesized to act as a sensor/transducer for the vascular responses to oxygen in vertebrates (45, 48, 81) . Indeed, H 2 S exerts vasoactive responses in isolated vessels from a variety of species that quantitatively and temporally resemble those elicited by oxygen deprivation (13, 14, 47) .
Here, we explore via a number of in vivo and in vitro experiments the hypothesis that H 2 S is involved in the cardiovascular response to anoxia in the turtle Trachemys scripta. First, we determined the dose dependency of exogenous H 2 S (via intra-arterial injection of the H 2 S donor NaHS) and the effects of pharmacological blockade of endogenous H 2 S production (by intra-arterial injections of DL-propargylglycine and hydroxylamine) on cardiac, systemic, and pulmonary hemodynamic variables of anesthetized animals. Then, systemic hemodynamic responses to exogenous H 2 S were measured in fully recovered turtles studied in normoxia or anoxia (6 h at 21°C; 14 days at 5°C), as were the responses to pharmacological blockade of endogenous H 2 S production. For the recovered animals, plasma acid-labile sulfide was measured, and in vivo plasma H 2 S concentration was estimated, for the various experimental conditions. Finally, in vitro wire myography experiments were conducted to directly examine the effect of anoxia on the intrinsic contractile properties of small mesenteric and pulmonary arterial vessels and to determine the role of endogenous H 2 S in mediating the response.
MATERIALS AND METHODS

Experimental Animals
Freshwater turtles (Trachemys scripta, Gray) of both sexes (0.46 kg Ϯ 0.12 kg, means Ϯ SD; n ϭ 47) were obtained from Nasco (Fort Atkinson, WI) and air-freighted to Aarhus University. The 32 turtles studied at 21°C were held at room temperature and a 12:12-h lightdark photoperiod for several weeks in aquaria with free access to basking platforms. These turtles were fed several times a week with commercial turtle food pellets, but food was withheld for 4 days before experimentation. The other 15 turtles, studied at 5°C, were kept in aquaria within a temperature-controlled room at 5°C for 4 wk before experimentation and were fasted during the entire acclimation period. All animals appeared healthy, and experimental protocols were reviewed and approved by the Animal Experimentation Board under the Danish Ministry of Justice.
In Vivo Experiments: Surgical Procedures and Animal Instrumentation
Anesthetized turtles. Turtles were anesthetized with an intramuscular injection of pentobarbital sodium (50 mg/kg; Mebumal, Sygehusapotekerne, Denmark), which was supplemented by an additional dose (25 mg/kg) if corneal and pedal withdrawal reflexes persisted after 1 h. The animals were tracheotomized for artificial ventilation at 10 -12 breaths/min and a tidal volume of 60 -90 ml/kg using a Harvard Apparatus mechanical ventilator (HI 665, Harvard Apparatus, Holliston, MA). To maintain normal acid-base status, the animals were ventilated with a gas mixture of 3% CO 2 (balance room air) prepared by a Wösthoff gas mixing pump (Bochum, Germany). The induced anesthesia persisted throughout the experimental protocol. To access the central vascular blood vessels, a bone saw was used to remove a 3 ϫ 3 cm piece of the plastron. For measurements of systemic and pulmonary arterial blood pressure, the left carotid artery was occlusively cannulated with a polyethylene (PE)-50 catheter filled with heparinized saline (100 IU/ml), while the pulmonary trunk was nonocclusively cannulated with an intravenous catheter (Terumo Surflo, Leuven, Belgium) using the Seldinger technique (78) . Systemic and pulmonary blood flows were measured with 2S or 2R transit-time ultrasonic blood flow probes (Transonic System, Ithaca, NY) placed around the left aortic arch (LAo) and the left pulmonary artery (LPA). Acoustical gel was infused around the blood flow probes to enhance the signal.
Recovered turtles. Turtles were intubated with soft rubber tubing for artificial ventilation with 3-4% isoflurane (Isoflurane, Baxter, Allerod, Denmark) in a gas mixture of 3% CO 2 (balance room air), prepared by a Halothane vaporizer (Dräger, Lubeck, Germany) at a rate of 10 -12 breaths/min and a tidal volume of 60 -90 ml/kg. The isoflurane level was reduced to 0.5-1% when corneal and pedal withdrawal reflexes disappeared. The heart was exposed by excision of a 2 ϫ 2 cm piece of the plastron using a bone saw, and an occlusive catheter (PE-50 containing saline with 100 IU/ml heparin) was advanced from the left thyroid artery into the right aortic arch. A Transonic ultrasonic blood flow probe (size 2S or 2R) was placed around the LAo to measure Q sys. Acoustic gel was infused between the blood vessel and the flow probe to reduce signal noise, and the excised piece of the plastron was resealed in its original position using surgical tape and fast-drying epoxy resin. Turtles then were ventilated with a gas mixture of 3% CO 2 (balance room air) until they resumed spontaneous ventilation and were placed individually in water-filled, opaque plastic chambers (30 ϫ 20 ϫ 10 cm) to recover for either 48 h at 21°C, or 72 h at 5°C before the onset of experiments.
Measurements of Blood Pressures and Flows
Catheters were connected to Baxter Edward (model PX600; Irvine, CA) disposable pressure transducers, and the signals were amplified using an in-house built preamplifier. The pressure transducers were positioned at the level of the heart of anesthetized turtles or at water level for submerged turtles and calibrated prior to each recording period against a static water column. Flow probes were connected to a Transonic dual-channel blood flowmeter (T206; Transonic System). Signals from the pressure transducers and the blood flow meter were recorded with a Biopac MP100 data acquisition system (Biopac Systems, Goleta, CA) at 100 Hz.
Experimental Protocols
Anesthetized turtles. Experiments were carried out at 21°C. To obtain baseline values, hemodynamic variables were allowed to stabilize over a period of 45 min after instrumentation. A 1 ml/kg injection of isotonic saline (0.9% wt/vol) was then given to evaluate whether the vehicle for NaHS and the pharmaceuticals had hemodynamic effects. Then, seven animals received a series of bolus intraarterial injections of increasing doses of NaHS as follows: 0.3, 1, 3, 10, 30, and 100 mol/kg at a volume of 1 ml/kg. Hemodynamic variables were allowed to return to baseline between each injection. Four other animals were injected intra-arterially first with DL-propargylglycine (0.44 mmol/kg) and then hydroxylamine (0.44 mmol/kg) at a volume of 1 ml/kg. Cardiovascular status was continuously monitored for 30 min following injections (see below for rationale of the doses and monitoring time). Animals were euthanized at the conclusion of the protocol.
Recovered turtles. Cardiovascular regulation by H 2S was assessed in fully recovered turtles by continuously monitoring cardiovascular status following the injection of pharmacological antagonists of endogenous H 2S production and the H2S donor NaHS either during normoxia (control normoxic groups) or following an initial and continued exposure to anoxia. Experiments were performed on unrestrained turtles that were free to move within their experimental chambers and at 21°C for warm-acclimated turtles or 5°C for coldacclimated turtles. Normoxic turtles had free access to room air throughout the experimentation period. For anoxia-exposed turtles, anoxic conditions were achieved by sealing the housing chamber with a tight-fitting lid, completely filling it with water that was continuously gassed with N 2 (water oxygen concentration was reduced to Ͻ0.3 kPa) and suspending a metal mesh below the surface of the water to deny the turtle access to air. Pharmaceutical injections commenced at 6 h of anoxia exposure at 21°C and 14 days of anoxia at 5°C, as turtle anoxic cardiovascular status is known to be at a new steady state at these times (23, 65, 66) . All pharmaceuticals were injected as a single bolus through the arterial cannula, which was subsequently flushed with saline. The total volume injected never exceeded 1.5 ml/kg.
The order of pharmaceutical injections for six of the eight 21°C normoxic turtles, five of the seven 21°C anoxic turtles, five of the eight 5°C normoxic turtles, and three of the seven 5°C anoxic turtles was as follows: DL-propargylglycine (0.44 mmol/kg), hydroxylamine (0.44 mmol/kg), 1 ml/kg of isotonic saline (0.9% wt/vol), 1, 10, and 30 mol/kg NaHS. In the remaining animals, the hydroxylamine injection was either excluded altogether (the two 21°C normoxic, two 21°C anoxic, and three 5°C normoxic turtles) or conducted last (the four 5°C anoxic turtles) because of the drastic hemodynamic responses this pharmaceutical caused in 21°C normoxic animals (see RESULTS) .
Antagonists should be delivered in sufficient concentrations to ensure enzyme inhibition, but at sufficiently low levels to avoid nonspecific physiological effects. Therefore, we applied dosages (0.44 mmol/kg; i.e., 50 mg/kg for DL-propargylglycine and 31 mg/kg for hydroxylamine) similar to those previously used in mammals and fish [DL-propargylglycine: 10 mg/kg intra-arterial in fish (50), 10 -50 mg/kg iv and 25-227 mg/kg ip in mammals (5, 8, 35, 41, 42, 56, 82, 83, 85) ; hydroxylamine: 0.25-1 mmol/kg ip and 0.02-0.44 mmol/kg iv in mammals (56, 73) ]. It is also important that sufficient time be allowed for the injected antagonists to inhibit effectively. In rats, the physiological effects of DL-propargylglycine and hydroxylamine occur within 30 -50 min, respectively, when administered intraperitoneally (5, 8, 42, 56) , and cardiovascular responses to a bolus intravenous administration of hydroxylamine are transient (73) . In rainbow trout (Oncorhynchus mykiss) at 12-14°C, the cardiovascular responses to a combined intra-arterial injection of DL-propargylglycine and aminooxyacetate (a CBS inhibitor) subsided within 20 -30 min (50) . Therefore, following our intra-arterial injections, we continuously monitored cardiovascular status for at least 30 min at 21°C and ϳ40 min at 5°C. For the 21°C normoxic turtles injected with hydroxylamine, the protocol was not continued until hemodynamic variables returned to baseline. Likewise, hemodynamic variables were allowed to return to baseline values following NaHS injections before continuing the protocol. Animals were euthanized at the conclusion of the protocol.
Calculation of Hemodynamic Variables
Systemic blood flow (Q sys) was estimated as 2.85 ϫ QLAo and pulmonary blood flow (Qpul) calculated as 2 ϫ QLPA (9, 65, 75) . Heart rate (fH) was calculated from the instantaneous blood flow trace from QLAo. For anesthetized turtles, total cardiac output (Qtot) was calculated as Qsys ϩ Qpul and total stroke volume (VStot; pulmonary ϩ systemic) was calculated as Qtot/fH. For unanesthetized turtles, systemic stroke volume (VSsys) was calculated as Qsys/fH. Systemic and pulmonary resistances (Rsys and Rpul, respectively) and systemic and pulmonary conductances (Gsys and Gpul, respectively) were calculated from mean blood flow and mean blood pressure (Rpul ϭ Ppul/Qpul; Rsys ϭ Psys/Qsys; Gsys ϭ Qsys/Psys; and Gpul ϭ Qpul/Ppul), assuming that central venous blood pressures are negligible. Vascular conductance is presented in addition to vascular resistance because conductance provides a better index for comparing vascular tone than resistance when blood flow changes more than pressure (40, 44) , as was the case with some of our data.
Measurement of Plasma Acid-Labile Sulfide and Estimation of In Vivo Plasma H 2S Concentration
Plasma acid-labile sulfide concentration of recovered turtles was measured during normoxia and anoxia, as well as following injections of DL-propargylglycine, hydroxylamine, 10 and 30 mol/kg NaHS using a colorimetric technique [(61) ; modified by (7)]. In addition, the Henderson-Hasselbalch equation was employed to estimate the in vivo plasma H 2S concentration. Plasma was obtained from blood samples (ϳ0.5 ml) centrifuged for 3 min at 10,000 g that were collected via the arterial catheter. Sampling occurred at 35 min (21°C) and 45 min (5°C) after DL-propargylglycine and hydroxylamine injections and 6 min (21°C and 5°C) following NaHS injections. Fifty microliters of plasma was added to a small, sealable test tube containing 0.25 ml of 1% (wt/vol) zinc acetate and 1.25 ml distilled water. 0.25 ml of 20 mM N,N-dimethyl-p-phenylenediamine dihydrochloride in 7.2 M HCl and subsequently 0.2 ml of 30 mM FeCl 3 in 1.2 M HCl was then added, the test tube immediately capped and inverted gently. After 20 min of incubation at room temperature and in the dark, 0.5 ml of 10% trichloroacetic acid was added to precipitate proteins, which were subsequently pelleted by centrifugation at 14,000 g for 5 min. Absorbance of the supernatant was measured at 670 nm with a spectrophotometer (Ultraspec II, LKB Biochrom, Cambridge, UK). All samples were assayed in triplicate.
Given the uncertainties regarding the validity of the colorimetric method for measuring plasma sulfide and regarding whether and how biologically active sulfide is transported in the blood (46, 79) (see Plasma Concentrations of Acid-Labile Sulfide and H 2S in the DISCUS-SION), standard curves of NaHS in distilled water, turtle plasma and turtle blood (normoxic and anoxic) were created to determine the influence of blood and plasma on the estimation of acid-labile sulfide in the plasma samples. In total, standard curves for normoxic blood, plasma, and anoxic blood were produced with blood from n ϭ 3, 4, and 3 turtles, respectively. For the creation of the standard curves of NaHS in normoxic blood and plasma, ϳ5-10 ml of turtle blood was withdrawn from an anesthetized, warm-acclimated turtle and maintained in a tonometer at 21°C and gassed with 3% CO 2 and 97% room air delivered by a gas mixing pump (Wösthoff, Bochum, Germany). After 30 min, aliquots of blood or plasma were spiked (following centrifugation for the plasma) with an appropriate amount of NaHS and immediately processed in triplicate as described above. For the standard curve of NaHS in anoxic blood, the remaining blood in the tonometer was gassed with 3% CO 2 and 97% N2 delivered by the gas mixing pump for an additional 30 min before being spiked with NaHS and analyzed.
The standard curves of NaHS in distilled water, turtle plasma, and turtle blood are presented in Fig. 1 . Clearly, the slope and curve shape varied depending on the medium. Furthermore, a considerably lesser amount of the exogenous sulfide was detected in plasma and even less in blood compared with distilled water, indicating that the exogenous sulfide was binding to substances in blood and plasma and/or degraded. Therefore, despite the plasma standard curve best representing the assay conditions and the blood standard curve best representing the in vivo condition and our blood sampling protocol (where whole blood was withdrawn from live turtles, but the red blood cells "discarded" after centrifugation and measurements conducted in plasma), we present values of plasma acid labile sulfide concentration as calculated from the distilled water standard curve.
To estimate in vivo plasma H 2S concentration, we determined the ratio of HS Ϫ to H2S that would exist in vivo, taking into account the condition of the turtle from which the sample was acquired, by rearranging the Henderson-Hasselbalch equation [i.e., HS
]. Plasma pH is well documented in freshwater turtles and was assumed to be 8.0 and 7.55 in normoxia and anoxia at 5°C, respectively, and 7.75 and 7.25 during normoxia and anoxia at 21°C, respectively (21, 31, 32, 72) . pK a for the dissociation of H2S has not been determined for plasma, and we, therefore, estimated pKa to be 7.09 at 5°C and 6.81 at 21°C based on previously published equations describing the pKa for the dissociation of H2S to H ϩ and HS Ϫ as a function of temperature and ionic strength (22) , assuming that turtle plasma has an ionic strength that is similar to 0.9% saline (i.e., 0.154) under all conditions. Consequently, our calculations did not take into consideration the effect of other ionic species on pK a or Fig. 1 . Standard curves of NaHS in distilled water, turtle plasma, turtle normoxic blood, and turtle anoxic blood. Standard curves for normoxic blood, plasma, and anoxic blood were produced with blood from n ϭ 3, 4, and 3 turtles, respectively. the changes in plasma ion composition that occurs during anoxia (21, 31, 32, 72 
Myography Experiments
Wire-myography experiments were conducted to directly examine the effect of anoxia on turtle pulmonary and systemic vessels and determine the role of endogenous H2S in mediating the response. Seven warmacclimated turtles were anesthetized with propofol 20 mg/kg, decapitated and opened up so the lungs and intestine could be removed en bloc and placed in cold physiological salt solution (PSS): (in mmol/l) 100 NaCl, 25 NaHCO 3, 1 NaH2PO4, 2.5 KCl, 1 MgSO4, 2 CaCl2, and 5 glucose. Small pulmonary and mesenteric arteries (internal diameter ϭ 486 Ϯ 150 m; mean Ϯ SD) were dissected free and mounted on a wire-myograph (Model 410A, Danish Myo Technology, Aarhus, Denmark) for recording of isometric tension (43) using a PowerLab data acquisition system (ADInstruments, Oxfordshire, UK). The vessels were immersed in 10 ml PSS at room temperature (23-24°C) and aerated with 3% CO 2 and 97% room air (pH ϳ7.8) delivered by a gas mixing pump (Wösthoff, Bochum, Germany). Vessels were left for 30 min to stabilize, and resting tension was normalized by adjusting the diameter of the vessel with a micrometer screw to a transmural pressure of 2.7 kPa. The vessels were then left for an additional 30 min before the experimental protocol commenced.
Contractility of all vessels was first evaluated by addition of high K ϩ solution (KPSS, 100 mM), which is PSS with NaCl substituted by KCl on an equimolar basis. The effect of anoxia was then studied on acetylcholine (10 Ϫ6 -3·10 Ϫ5 M) precontracted vessels by changing the gas mixture supplied to the experimental chamber from normoxia (3% CO 2 in 97% air) to anoxia (3% CO2 and 97% N2) for 20 min. Then, the vessels were reoxygenated, incubated with a mixture of aminooxyacetic acid (10 mM) and DL-propargylglycine (5 mM) for 30 min, and the anoxic exposure was repeated.
The mechanical response of the vessel segments was measured as active wall tension (⌬T), which is the change in force (⌬F) divided by twice the segment length (2l) (43) . Contractions are expressed relative to the contraction induced by 100 mM KPSS.
Data Analysis and Statistics
Recordings of blood flows and pressures were analyzed using AcqKnowledge data analysis software (ver. 3.7.2.; Biopac, Goleta, CA). Data were evaluated using a t-test, paired t-test or a one-way ANOVA for repeated measures followed by a Holm-Sidak post hoc test when appropriate. Wire-myograph data recordings were analyzed using Chart5 software (ADInstruments). A paired t-test was applied to evaluate significant differences. In all instances, differences were considered statistically significant at a 95% level of confidence (P Ͻ 0.05). All data are presented as means Ϯ SE.
Chemicals
All chemicals were purchased from Sigma-Aldrich (Copenhagen, Denmark).
RESULTS
Hemodynamic Effects of NaHS in Anesthetized Turtles
NaHS caused a dose-dependent systemic vasoconstriction in anesthetized turtles. The systemic vasoconstriction, evident from a progressive reduction in G sys (Fig. 2D ) and a significant rise in R sys (Fig. 2C) , resulted primarily from an increased P sys ( Fig. 2A) , as Q sys did not change significantly (Fig. 2B) . NaHS also increased P pul in a dose-dependent manner (Fig. 2E) . However, because of a simultaneous tachycardia (Fig. 3C) , increased Q tot (Fig. 3A) , and the occurrence of a net left-to-right shunt due to the systemic vasoconstriction (Fig. 3D) , Q pul increased proportionally greater than P pul (Fig. 2, E and F) . Thus, the overall effect of exogenous NaHS on the pulmonary circulation of anesthetized turtles was an increased G pul (Fig.  2H) . Absolute values of control hemodynamic variables are presented in Supplemental Table 1 . A representative trace depicting the time course of hemodynamic responses to 30 mol/kg NaHS is provided in Fig. 4 .
Hemodynamic Effects of DL-propargylglycine and Hydroxylamine in Anesthetized Turtles
Injections of DL-propargylglycine and hydroxylamine did not elicit any statistically significant hemodynamic responses in the systemic or pulmonary circulations of anesthetized turtles (Supplemental Table 1 ). Likewise, the injection vehicle (0.9% wt/vol isotonic saline) for NaHS, DL-propargylglycine, and hydroxylamine did not elicit any statistically significant cardiovascular effects (Supplemental Table 1 ).
Normoxic and Anoxic Cardiovascular Status of Recovered Turtles
The cardiovascular status of untreated and recovered turtles during normoxia and anoxia was similar to previous studies on red eared sliders (23, 24, 65, 66) . Briefly, the response to anoxia consisted of large reductions in Q sys , VS sys , f H , and P sys (Table 1) . Correspondingly, R sys increased by ϳ140% at both temperatures, whereas G sys decreased by ϳ60% (Table 1) .
Hemodynamic Effects of NaHS in Fully Recovered Turtles
As in the anesthetized turtles, NaHS caused a systemic vasoconstriction in normoxic and fully recovered turtles at both temperatures attended by dose-dependent increases in P sys , R sys , and f H , and a dose-dependent decrease in VS sys (Figs. 5, A-E and 6, A-E). At 5°C, the responses to 30 mol/kg NaHS lasted more than 40 min, whereas the responses had virtually vanished within 5 min at 21°C, except for a persistent rise in P sys over 20 min. In stark contrast to the pronounced cardiovascular responses to NaHS in normoxia, there were no effects of NaHS injections during anoxia at any of the two temperatures (Figs.
5, F-J and 6, F-J).
Effects of DL-Propargylglycine and Hydroxylamine in Recovered Turtles
The hemodynamic responses of recovered turtles to DLpropargylglycine and hydroxyalamine varied with temperature and oxygen-availability (Table 2) . At 21°C, DL-propargylglycine did not elicit cardiovascular responses in either normoxia or anoxia. In contrast, DL-propargylglycine affected cardiovascular status of both 5°C normoxic and anoxic turtles. In 5°C normoxic turtles, DL-propargylglycine caused transient increases in f H , P sys , Q sys , and R sys , a transient decrease in G sys and a sustained elevation of VS sys . Similarly, transient increases of f H and Q sys occurred in 5°C anoxic turtles in response to DL-progargylglycine. However, because P sys remained unchanged, G sys transiently increased, unlike the decrease observed in 5°C normoxic animals.
Hydroxylamine injection in 21°C normoxic turtles elicited pronounced cardiovascular responses (Table 2) . Within 3 min of injection, f H more than doubled and VS sys was decreased by 41%, and after 30 min of injection, Q sys had nearly doubled, R sys was decreased by 61%, and G sys was increased by 2.4-fold. In contrast to the normoxic animals, hydroxylamine did not stimulate Q sys and VS sys , or decrease R sys of 21°C anoxic turtles. However, hydroxylamine did produce a transient decrease in P sys and slight tachycardia. Under normoxic conditions at 5°C, hydroxylamine caused a transient increase in P sys , whereas under anoxic conditions at 5°C, a transient increase in Q sys and subsequent increase in G sys was observed. Thus, both antagonists of endogenous H 2 S production partially reversed the decreased G sys exhibited by 5°C anoxic turtles.
Similar to the anesthetized turtles, injection of 0.9% wt/vol isotonic saline did not elicit any transient or long-term cardiovascular effects in warm or cold, normoxic or anoxic recovered turtles ( Table 2) .
Effect of Temperature, Anoxia Exposure, and Drug Injections on Plasma Acid-Labile Sulfide and H 2 S Concentrations
Plasma acid-labile sulfide concentration was determined to be ϳ15 M in 21°C normoxic turtles and ϳ10 M in 5°C normoxic turtles when calculated from the distilled water standard curve (Table 3) . Following 6 h of anoxia at 21°C, plasma acid-labile sulfide concentration remained unchanged from the control normoxic level, but because of the effect of decreased pH on the equilibrium between H 2 S and HS Ϫ , the concentration of H 2 S was estimated to increase almost three-fold by 6 h of anoxia (Table 3) . Similarly, estimated H 2 S concentration increased almost 4-fold after 14 days of anoxia at 5°C (Table 3) . But, unlike at 21°C, plasma acid-labile sulfide concentration also increased by ϳ50% with anoxia exposure at 5°C (Table 3) .
Injections of DL-propargylglycine, hydroxylamine, and 10 mol/kg NaHS had no measurable effects compared with the control condition (i.e., Normoxia column for the control normoxic turtles and Anoxia column for the anoxia-exposed turtles) on plasma acid-labile sulfide or H 2 S concentrations at low temperature (Table 3 ). In contrast, injection of 30 mol/kg NaHS significantly increased both sulfide entities from the respective control conditions, particularly during anoxia (Table 3) . Unfortunately, we were unable to withdraw blood samples from many of the turtles following the injections of pharmaceuticals at 21°C due to nonpatent cannulas, but it seemed that the total acid-labile sulfide or H 2 S concentrations behaved similarly to the findings at 5°C.
Intrinsic Contractile Response of Mesenteric and Pulmonary Arteries to Anoxia With and Without Inhibition of Endogenous H 2 S Production
Mesenteric and pulmonary vessels constricted upon anoxia exposure (Fig. 7) . In mesenteric vessels, the constriction of was Fig. 4 . Representative raw trace of the hemodynamic responses of an anesthetized turtle to 30 mol/kg NaHS. The gap in the Psys trace corresponds to the intra-arterial injection of NaHS. The gap in the Qpul trace is an artifact due to probe movement and loss of signal quality. Psys, systemic blood pressure; QLAo, left aortic arch blood flow; Ppul, pulmonary blood pressure; QLpul, left pulmonary arch blood flow; fH, heart rate. Fig. 3 . Effects of bolus intra-arterial injections of NaHS in anesthetized turtles on the maximum changes in total cardiac output, Qtot (A), total stroke volume, VStot (B), heart rate, fH (C), and the ratio of pulmonary to systemic blood flow, Qpul/Qsys (D) as a function of the concentration of NaHS. Each data point represents the maximum change from the preinjection value. Data are expressed as means Ϯ SE; n ϭ 6 or 7. *Significant difference from preinjection values (P Ͻ 0.05).
maintained at ϳ12% of the KPSS-induced constriction for the entire duration of the 20-min anoxia exposure. Pulmonary vessels initially constricted to ϳ32% of the KPSS-induced constriction before relaxing to a magnitude of constriction similar to that exhibited by mesenteric vessels after 20 min. Incubation of the vessels with a mixture of aminooxyacetic acid (10 mM) and DL-propargylglycine (5 mM) for 30 min prior to anoxia significantly reduced the magnitude of constriction by ϳ40% in both mesenteric and pulmonary vessels.
DISCUSSION
The primary purpose of the present study was to examine whether H 2 S contributes to the increased R sys during anoxia in red-eared slider turtles (T. scripta). To this end, we quantified the dose dependency of H 2 S, injected as the H 2 S donor NaHS, on systemic and pulmonary hemodynamic variables of anesthetized turtles at 21°C, and on a suite of systemic hemodynamic variables of fully recovered turtles acclimated to 21°C or 5°C in either normoxia or anoxia (6 h at 21°C; 14 days at 5°C). As such, the present study is the first in which both systemic and pulmonary arterial pressures in response to exogenous H 2 S are reported, as well as the first comprehensive study on the in vivo systemic cardiovascular effects of H 2 S in a vertebrate (i.e., a total of 6 hemodynamic variables are reported). In comparison, only a handful of studies on rats and one study on fish have reported in vivo cardiovascular effects of H 2 S, and these were generally restricted to blood pressure and/or f H responses (1, 19, 47, 50, 80, 84) , or gastric blood pressure and flow responses (38) . In contrast to the general vasodilatory effect of H 2 S in the systemic circulation of mammals, our findings reveal H 2 S to be a potent vasoconstrictor of turtle systemic vasculature (Figs. 2, 4 , 5, 6, and 7). For turtle pulmonary vasculature, in vitro wire myography experiments revealed H 2 S to be vasoconstrictive, similar to mammals (Fig.  7) . Intriguingly, the systemic vasoconstriction by exogenous H 2 S was blunted during anoxia (Figs. 5 and 6) when plasma H 2 S concentration likely increased by ϳ3-and 4-fold at 21°C and 5°C, respectively ( Table 3 ). The absence of exogenous H 2 S-induced vasoactivity during prolonged anoxia does not exclude the involvement of H 2 S in contributing to the increased R sys of anoxic turtles, but suggests that the signal transduction pathway of H 2 S-mediated vasoactivity is either maximally activated in the systemic circulation of anoxic turtles or that it is oxygen dependent.
Critique of Methods
Hemodynamic responses to the antagonists. We examined the cardiovascular effects of H 2 S via intra-arterial bolus injections of the H 2 S donor NaHS, as well as two of the few available antagonists of endogenous H 2 S production: DLpropargylglycine, an inhibitor of the H 2 S-producing enzyme cystathionine ␥-lyase (CSE), and hydroxylamine, a general inhibitor of pyridoxyl 5=-phosphate dependent enzymes (34, 48, 68) . Despite our assiduousness when devising the experimental protocol, the lack of hemodynamic responses to DLpropargylglycine and hydroxylamine (Supplemental Table 1 ; Table 2 ) must be interpreted carefully because the antagonists of endogenous H 2 S production have low potency, poor selectivity, and limited cell-membrane permeability in mammals (68) . Indeed, many earlier studies report a lack of hemodynamic responses to pharmacological inhibitors of H 2 S production, but hemodynamic responses to an exogenous H 2 S donor (50, 68) . For the turtle, the expression of the three H 2 Sproducing enzymes (CSE, CBS, and 3MST) is unknown, as is the specificity and efficacy of DL-propargylglycine and hydroxylamine. Thus, the lack of pronounced hemodynamic changes following antagonists may reflect lack of proper inhibition rather than an absence of H 2 S-mediated cardiovascular control. Nevertheless, three observations argue against an absence of hemodynamic responses being due to a lack of adequate inhibition. First, both pharmaceuticals produced hemodynamic responses under some conditions (Table 2) . Second, a mixture of DL-propargylglycine and aminooxyacetic acid partially inhibited the intrinsic contractile responses of mesentric and pulmonary arteries to anoxia (Fig. 7) . Finally, the hemodynamic responses of 5°C normoxic turtles injected with DL-propargylglycine, namely an immediate increase in P sys and subsequent increase in Q sys (Table 2) , closely resembled that of 12-14°C-acclimated rainbow trout injected with a mixture of DL-propargylglycine and aminooxyacetic acid (50).
Likewise, it is possible that the hemodynamic changes in response to the antagonists arose from nonspecific effects, rather than from an inhibition of endogenous H 2 S production. For instance, hydroxylamine, which is endogenously produced by cells (69, 73) has been shown to inhibit numerous enzymes (20) , convert hemoglobin to methemoglobin (37, 63) , and generate hypotension (37, 73) when administered exogenously. Thus, the increased f H and Q sys , in response to hydroxylamine at 21°C in normoxic turtles (Table 2) likely reflects barostatic regulation of P sys in response to peripheral vasodilation and/or a heightened Q sys to maintain oxygen delivery to tissues in face of a reduced oxygen carrying capacity. Indeed, the blood of turtles treated with hydroxylamine appeared brown, which is likely to reflect methemoglobin formation that would have reduced oxygen carrying capacity. However, the temperatureand oxygen-dependent cardiovascular responses to the antagonists (Table 2) argue against the responses arising from a general, nonspecific effect of the pharmaceuticals. Values are expressed as means Ϯ SE (n ϭ7 at 5°C and is indicated in parentheses at 21°C). *Significant differences (P Ͻ 0.05) between normoxia and anoxia for each variable at each acclimation temperature.
Finally, it should be stressed that any uncertainty regarding the antagonists does not affect the interpretation of the cardiovascular responses to exogenous NaHS. The hemodynamic responses to NaHS in both 21°C and 5°C unanesthetized, normoxic turtles were identical to that displayed by the anesthetized turtles, which were not pretreated with the antagonists.
Does H 2 S Contribute to the Increased R sys of Anoxic Turtles?
A number of our observations are consistent with the hypothesis that H 2 S acts as an oxygen sensor/transducer of vertebrate hypoxic vasomotor tone (45, 48) and support H 2 S as a contributor to the systemic vasoconstriction displayed by anoxic turtles, especially at 5°C when cardiac autonomic control is absent (24) . First, H 2 S was found to be a potent vascoconstrictor of the systemic circulation of anesthetized as well as 21°C and 5°C fully recovered normoxic turtles (Figs. 2,   3 , 5, and 6). Second, the decreased G sys of 5°C anoxic turtles (Table 1) was partially reversed by both DL-propargylglycine and hydroxylamine, and P sys of 21°C anoxic turtles was transiently decreased by hydroxylamine (Table 2) . Third, measurements of plasma acid-labile sulfide and estimates of in vivo Maximum effect n/a n/a n/a n/a n/a n/a Maximum effect n/a n/a n/a n/a n/a n/a n/a 1.57 Ϯ 0.14* (11) n/a n/a n/a After 30 min n/a n/a 1.63 Ϯ 0.13* (7) n/a n/a n/a Maximum effect n/a n/a n/a n/a n/a n/a Maximum effect n/a n/a n/a n/a n/a n/a Maximum effect n/a n/a n/a n/a n/a n/a Maximum effect n/a n/a n/a n/a n/a n/a After 25 min 4 -5 for 5°C normoxic animals injected with hydroxylamine, 7 for 5°C anoxic animals injected with hydroxylamine, 5-8 for 21°C normoxic animals injected with saline, 6 for 21°C anoxic animals injected with saline, 6 -8 for 5°C normoxic animals injected with saline and 6 -7 fo 5°C anoxic animals injected with saline. fH, heart rate; VSsys, systemic stroke volume; Psys, systemic blood pressure; Qsys, systemic cardiac output; Rsys, systemic resistance; Gsys, systemic conductance. *Significant differences (P Ͻ 0.05) from the control, preinjection value. Cardiovascular status was continusously recorded following injections, and chronological changes were determined by averaging 2-min periods at 2-min intervals postinjection. Data were evaluated with a one-way ANOVA for repeated measures followed by a Holm-Sidak post hoc test. n/a indicates no statistically significant changes occurred between the initial and final measurement period. Values in parentheses next to the cardiovascular values for the Maximum effect represent the time (min) postinjection at which the maximum effect occurred.
plasma H 2 S concentrations indicate that these sulfide entities may increase during anoxia (Table 3 ; see Plasma Concentrations of Acid-Labile Sulfide and H 2 S below). Finally, the intrinsic contractile response of turtle pulmonary and mesenteric vessels to anoxia was partially inhibited by antagonists of endogenous H 2 S production ( Fig. 7) , indicating that the anoxic constriction of turtle pulmonary and systemic vessels is mediated through the production of H 2 S. Interestingly, however, exogenous NaHS did not cause systemic vasoconstriction during anoxia. This phenomenon could stem from a number of possibilities. First, it is possible that the H 2 S-mediated vasoactivity is already maximally activated during anoxia. The in vivo production of H 2 S from NaHS is affected by pH and temperature, and the estimated %H 2 S from our exogenous NaHS doses are ϳ10% in normoxia and 26% in anoxia, irrespective of temperature (see MATERIALS AND METHODS for a description of turtle blood pH and pK a values). Therefore, assuming that H 2 S is the vasoactive sulfide moiety, anoxic turtles did not display hemodynamic responses to NaHS despite the fact they experienced a greater exogenous H 2 S exposure than normoxic turtles and the amount of H 2 S produced upon infusion of 30 mol/kg NaHS exceeded the estimated circulating plasma H 2 S levels. However, the local intracellular concentration of H 2 S produced endogenously by vascular smooth muscle (12, 26, 48, 83, 84) may have been higher. If the activation of the signaling pathway of H 2 S-mediated vasoconstriction is maximal during anoxia, it would be expected that R sys and/or P sys should fall, and/or G sys increase, in response to antagonists of endogenous H 2 S production. This was indeed the case. Hydroxylamine, which, in vitro, appears to have the greatest inhibitory effect on H 2 S production and vasoactive responses (48) , caused a transient fall in P sys of anoxic turtles at 21°C, and at 5°C, both DL-propargylglycine and hydroxylamine partially reversed the decreased G sys that occurred with anoxia exposure (Table 2) .
Second, the lack of vasoconstriction after NaHS during anoxia could reflect competition between the vasoactive effects of oxygen lack and H 2 S. Olson and colleagues (13, 14, 47, 48, 51, 58) have repeatedly shown that hypoxia and H 2 S evoke the same vascular response(s) in vitro and that they constitute competitive stimuli. This indicates that H 2 S and hypoxia share a common downstream effector(s) in the signaling pathway mediating vasomotor tone that cannot be further activated by the other. Thus, in the present study, anoxic turtles may not have exhibited a systemic vasoconstriction in response to NaHS because of precluding vasoactive effects of hypoxia. Indeed, the intrinsic constriction of turtle mesenteric arteries was not completely abolished by blockade of endogenous H 2 S production, indicating that other factors also contribute to the vasoconstriction (Fig. 7) .
A third possibility is that that the signal transduction pathway for H 2 S-mediated vasoconstriction is oxygen dependent. For instance, turtle brain vasculature is unresponsive to nitric oxide (NO) during anoxia, whereas NO is an endogenous vasodilator in the turtle brain during normoxia (27) . Indeed, Koenitzer et al. (36) argue that H 2 S-mediated vasoconstriction of the rat aorta is highly oxygen dependent and may be facilitated by one or more unidentified oxidation products of H 2 S, rather than H 2 S per se. If this applies to turtles, a H 2 S-mediated vasoconstriction may not be possible during anoxia. However, Olson et al. (49) argue against H 2 S-mediated contraction being dependent upon an oxidation product. They report hagfish (Eptatretus cirrhatus) and lamprey (Petromyzon marinus) dorsal aorta to be more sensitive to H 2 S in hypoxia. Nevertheless, for the anoxic turtle, the possibility remains that a downstream effector of H 2 S-mediated vasoactivity is absent. Recently, it has been argued that either increased or decreased production of reactive oxygen species (ROS) from mitochondrial respiration play an important role in mammalian hypoxic pulmonary vasoconstriction (76, 77) . Interestingly, H 2 S has been shown to both scavenge ROS (18) , as well as induce ROS production (15) , and it is tempting, therefore, to speculate that ROS could be a common link between hypoxic vasoconstriction and H 2 S-mediated vasoconstriction. However, because the production of ROS inherently requires the presence of oxygen and a functional electron transport chain, the lack of hemodynamic responses to NaHS in anoxic turtles may reflect an absence of ROS production during anoxia. Indeed, hypoxic pulmonary vasoconstriction that is initiated by hypoxia in mammals is abolished under true anoxia (6), and ROS produc- (55) . Clearly, the potential role of ROS in H 2 Smediated vascular responses deserves further experimental attention.
Of course, the various possibilities for the lack of a vasoconstriction response to NaHS during anoxia need not be mutually exclusive. It is foreseeable that with the onset of anoxia exposure, an accumulation of H 2 S in the progressively hypoxic tissues constricts systemic vessels until the signal transduction pathway is maximally activated. Then, with prolonged anoxia, a decrease in a downstream effector of the signal transduction cascade further precludes the vasoactive effects of exogenous NaHS. For H 2 S to contribute to the increased R sys of anoxic turtles in this scenario, the initial vasoconstrictory effects of H 2 S must be perpetuated in the absence of oxygen. How this may be achieved remains to be investigated. Nevertheless, existing experimental data indeed implicate H 2 S to be an initial signaling molecule of a signal transduction pathway(s) that yield long-term physiological effects. In mammals and trout, the physiological effects of exogenous H 2 S are long-lasting, despite a rapid disappearance of exogenous sulfide from the blood (47, 74, 79) . Similarly, we show that the rise in P sys in response to 30 mol/kg NaHS in 21°C normoxic turtles (Fig. 5A ) and 10 mol/kg NaHS in 5°C normoxic turtles (Fig. 6A ) was long-lasting despite the fact an increase in exogenous NaHS above routine levels could not be detected in the plasma 6 min after injection (Table 3) .
Plasma Concentrations of Acid-Labile Sulfide and H 2 S
We used a commonly applied (e.g., 7, 13, 18, 19, 42, 64, 79; reviewed by Ref. 46 ), but indirect, colorimetric method to estimate plasma H 2 S concentration. The validity of the technique, along with the notion that H 2 S is a circulating gasotransmitter in vertebrate blood, has recently been questioned because of the tremendous variation in control plasma H 2 S levels reported among studies (46, 64, 68, 79) . Specifically, it is argued that the assay overestimates circulating levels of H 2 S because the chemical conditions of the assay liberate sulfur atoms from iron-sulfur clusters of iron-sulfur proteins that may be present in animal tissues (70) . Therefore, the possibility exists that our measures reflect a combination of inorganic sulfide (i.e., H 2 S and HS Ϫ ) and sulfide atoms released from iron-sulfur clusters. Consequently, we use the term "plasma acid-labile sulfide" in reference to our colorimetric measures of plasma sulfide concentration. However, the increased abundance of plasma acid-labile sulfide seen during anoxia exposure at 5°C (Table 3) is unlikely to be due to an increased abundance of iron-sulfur cluster-containing proteins since these proteins are largely electron transporting or catalytic enzymes (28, 33) , which are unlikely to be present in significant quantities in plasma. Furthermore, a decrease, not increase, in protein synthesis in brain, heart, and liver is hallmark to the markedly depressed metabolic state of anoxic turtles (2, 17, 39) . For the calculations of plasma H 2 S concentration, we assume the presence (if any) of iron-sulfur-releasing proteins to be consistent among treatment groups (i.e., normoxia and anoxia) and following the pharmaceutical injections. Still, we stress that the results should be interpreted carefully.
Despite the uncertainties surrounding the measurements of plasma acid-labile sulfide and estimates of in vivo plasma H 2 S concentration, the changes in the sulfide entities with anoxia exposure (Table 3) , and the standard curves of NaHS in distilled water, turtle plasma, and turtle blood (Fig. 1) , lend interesting insights into the ability of H 2 S to function as a circulating gasotransmitter. The substantially lower amount of acid-labile sulfide detected in spiked plasma and blood compared with distilled water indicates that only a small proportion of H 2 S introduced to blood will be present as inorganic sulfide in the plasma (Fig. 1) . This finding is in accordance with previous reports that exogenous sulfide is rapidly removed by whole blood (79) and bound to blood proteins (11, 28) , and indicates that both plasma proteins and red blood cells contribute to the rapid disappearance of sulfide in blood. However, the linear standard curve for plasma indicates that inorganic sulfide can increase in plasma, and the exponential curve for blood suggests that the degradation process specific to red blood cells eventually becomes saturated. Further, the tendency for a decreased degradation of sulfide in anoxic blood compared with normoxic blood at the higher NaHS concentrations (Fig.  1) , implies that at least part of the degradation in whole blood is due to oxidation. Thus, for the 5°C anoxic turtles, an absence of continued H 2 S oxidation both intracellularly and in the blood, as well as the inability to remove H 2 S from the blood via exhalation, may have led to the observed accumulation of plasma acid-labile sulfide (Table 3) . A similar increase of a sulfide moiety with oxygen deprivation has also been observed for trout exposed to progressive hypoxia (50) .
Given the uncertainty regarding the biologically active moiety of sulfide (46, 79) , we estimated the in vivo H 2 S concentration (see MATERIALS AND METHODS) from the measurements of plasma acid-labile sulfide concentration. The low estimated values for circulating H 2 S in normoxic turtles (1-2 M; Table  3 ) further supports the notion that under normal conditions, H 2 S does not circulate in plasma at high concentrations, but rather functions in an autocrine or paracrine fashion (50, 79) . However, because of the effect of decreased pH on the equilibrium between H 2 S and HS Ϫ , circulating H 2 S should increase substantially during anoxia (Table 3) due to the attending acidosis (21, 31, 32, 72) . Thus, under these extreme conditions, H 2 S may act as a circulating messenger in addition to its proposed autocrine or paracrine signaling.
Pulmonary and Cardiac Effects of H 2 S
The vasoactivity of H 2 S in the turtle pulmonary circulation was investigated in vivo in anesthetized animals ( Fig. 2 ) and in vitro with isolated pulmonary arteries (Fig. 7) . Isolated pulmonary arteries constricted in response to anoxia, and this phenomenon was partially prevented when endogenous H 2 S production was inhibited (Fig. 7) , indicating that the anoxic response was mediated through the production of H 2 S. This conclusion is in agreement with previous observations that anesthetized turtles exhibit a locally mediated hypoxic pulmonary vasoconstriction (10) and that H 2 S constricts the conduit pulmonary artery of the American alligator (Alligator mississippiensis) (14) . Thus, it is foreseeable that in addition to contributing to the increased R sys of anoxic turtles, H 2 S may play a role in mediating the almost complete cessation of Q pul in anoxic turtles (25, 67) . On the contrary, exogenous NaHS increased G pul of anesthetized turtles, which would suggest H 2 S to be a vasodilator (Fig. 2H) . Indeed, H 2 S has recently been shown to mediate hypoxic pulmonary vasodilation in resistance pulmonary arteries of the California sea lion (Zalophus californicanus) (52) . However, the increased G pul of anesthetized turtles more likely reflected passive vessel distension due to the increased Q pul (Fig. 2F) , masking a local vasoconstrictive effect of H 2 S. Nevertheless, the disparity between experimental techniques may also reflect that hypoxia-and H 2 S-mediated vasoactivity can be multiphasic and dose-dependent (13, 14, 48) . Exogenous NaHS was administered to anesthetized turtles intra-arterially, and exogenous sulfide rapidly disappears in blood [ Fig. 1 present study; (79) ]. Therefore, the concentration of H 2 S in the pulmonary circulation may have been less than in the systemic circulation, as well as the local intracellular H 2 S concentration of the anoxic isolated vessels. Consequently, different vascular effects may have occurred. Future investigation of the effects of H 2 S on P pul and Q pul of anoxic, recovered turtles is clearly warranted.
Finally, we document H 2 S to have pronounced cardiac effects in addition to vascular effects. NaHS caused a marked tachycardia in both anesthetized and recovered turtles during normoxia (Figs. 3C, 4E, 5D , and 6D). In contrast, during anoxia at 5°C when cardiac autonomic control is absent (24) , DL-propargylglycine caused transient increases in f H and Q sys ( Table 2 ), signifying that H 2 S may contribute to the downregulation of cardiac activity in cold anoxic turtles. Indeed, H 2 S induces negative cardiac inotropy in rats (19) and lowers metabolism of small mammals (3, 4, 68, 74) . The contrasting cardiac responses to H 2 S may indicate that its cardiac effects vary with oxygen availability.
Perspectives and Significance
Our study provides insight into the relatively neophytic, yet rapidly burgeoning field of H 2 S physiology. First, our measurements of plasma acid-labile sulfide and estimates of in vivo H 2 S concentration add to the current debate on H 2 S as a circulating gasotransmitter. Our study highlights that if inorganic sulfide does circulate in blood plasma, the concentration of circulating H 2 S will increase substantially during prolonged anoxia due to the attending acidosis. Further, similar to a recent observation for trout exposed to progressive hypoxia (50), we observed an increase of plasma acid-labile sulfide during anoxia at 5°C, signifying the possibility of increased production and/or decreased degradation of a sulfide moiety with oxygen deprivation. Thus, prolonged anoxia, in which oxidation of H 2 S is impaired and the lasting submersion precludes the animal to remove H 2 S from the blood through exhalation, may represent an interesting condition for further studies of the faith of H 2 S and other sulfide moieties in the blood and their ability to act as circulating messengers. Second, our results lend novel insight into the currently unknown signal transduction pathway of H 2 S-mediated vasoconstriction. The lack of hemodynamic responses to NaHS in anoxic turtles may indicate that the signal transduction pathway may be oxygen dependent. A potential avenue for future investigation in this regard is the role of ROS in H 2 S-mediated vasoactivity. Other future research should focus on clarifying the enzymes responsible for endogenous H 2 S production in the turtle, determining their 
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